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Myelodysplastic syndrome (MDS) is a pre-
neoplastic condition that frequently devel-
ops into overt acute myeloid leukemia
(AML). The P39 MDS/AML cell line mani-
fested constitutive NF-kB activation. In
this cell line, NF-kB inhibition by small
interfering RNAs specific for p65 or chemi-
cal inhibitors including bortezomib re-
sulted in the down-regulation of apopto-
sis-inhibitory NF-xB target genes and
subsequent cell death accompanied by
loss of mitochondrial transmembrane po-
tential as well as by the mitochondrial
release of the caspase activator cyto-
chrome ¢ and the caspase-independent

death effectors endonuclease G and apo-
ptosis-inducing factor (AIF). Bone mar-
row cells from high-risk MDS patients
also exhibited constitutive NF-xB activa-
tion similar to bone marrow samples from
MDS/AML patients. Purified hematopoi-
etic stem cells (CD34%) and immature
myeloid cells (CD33*) from high-risk MDS
patients demonstrated the nuclear trans-
location of the p65 NF-kB subunit. The
frequency of cells with nuclear p65 corre-
lated with blast counts, apoptosis sup-
pression, and disease progression. NF-«xB
activation was confined to those cells
that carried MDS-associated cytogenetic

alterations. Since NF-«kB inhibition in-
duced rapid apoptosis of bone marrow
cells from high-risk MDS patients, we
postulate that NF-xB activation is respon-
sible for the progressive suppression of
apoptosis affecting differentiating MDS
cells and thus contributes to malignant
transformation. NF-kB inhibition may con-
stitute a novel therapeutic strategy if apo-
ptosis induction of MDS stem cells is the
goal. (Blood. 2006;107:1156-1165)
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Introduction

Myelodysplastic syndrome (MDS) is a group of hematopoietic
stem cell disorders characterized by ineffective hematopoiesis
leading to blood cytopenias and by a high risk of progression to
acute myeloid leukemia (AML).! MDS is classified based on
morphology and blast cell percentage in blood and bone marrow
(French American British [FAB] classification and World Health
Organization [WHO] classification).? The main prognostic fac-
tors of MDS, for progression to AML and survival, include the
number and severity of cytopenias, the percentage of marrow
blasts, and bone marrow cytogenetic abnormalities. Those
factors are combined in an International Prognostic Scoring
System (IPSS)? that distinguishes 4 subgroups with significantly
different risk of progression to AML and survival: low, interme-
diate 1 (int 1), intermediate 2 (int 2), and high.

Activating mutations of oncogenes and inactivating mutations
of tumor suppressor genes have been identified in a number of
genes in MDS and AML, although none of them identified
mutations specific for MDS.* This includes activating mutations

of the RAS pathway> as well as frequent methylation silencing
of the CDKN2B (pl5INK4B) gene,® whereas TP53 (p53)
mutations are less common.”

MDS can be viewed as a preleukemic condition in which
apoptosis aborts the differentiation products of potentially malig-
nant mutated stem cells.® Low-risk MDS (with low or int 1 IPSS
scores) is characterized by increased intramedullary apoptosis of
progenitors, leading to inefficient hematopoiesis and cytopenia.
On the contrary, in high-risk MDS (with int 2 or high IPSS
scores) progressive increase in marrow blasts with reduced
apoptotic capacities is seen, and blastic infiltration leads to
cytopenias through marrow failure.!? The death of MDS cells
exhibits common characteristics of apoptosis including mitochon-
drial membrane permeabilization (MMP)!!; caspase activa-
tion'?; plasma membrane phosphatidylserine exposure!?; and
activation of death receptors such as CD95,!*!5 TNF-R,!¢ or
TRAIL receptors.'” Previous studies suggested that the expres-
sion of proapoptotic proteins (Bak, Bad, Bcl-Xs) has a positive

From the Centre National de la Recherche Scientifique, Unite Mixté de
Recherche (UMR) 8125, Institut Gustave Roussy, Villejuif, France; Unité
propre de la recherche et de I'enseignement superieur (UPRES EA) 2710,
Institut Gustave Roussy, Villejuif, France; Laboratoire d’Hématologie, Hopital
Calmette, Lille, France; Institut National de la Santé et de la Recherche
Médicale (INSERM) U542, Paris XI University, Hopital Paul Brousse, Villejuif,
France; Service d’Hématologie Clinique, Hopital Avicenne, Assistance
Publique-Hbpitaux de Paris (AP-HP), Université Paris 13, Bobigny, France;
and Service d’Hématologie Clinique, Institut Gustave Roussy, Villejuif, France.

Submitted May 18, 2005; accepted September 25, 2005. Prepublished online
as Blood First Edition Paper, October 13, 2005; DOI 10.1182/blood-2005-05-
1989.

G.K. is supported by Cancéropdle lle-de-France, Ligue Nationale contre le
Cancer, Fondation de France, Association pour la Recherche sur le Cancer,
and European Community (Active p53, TransDeath). T.B. is supported by a

1156

fellowship from the Etablissement Frangais du Sang. G.C. is supported by the
Association NRB Vaincre le Cancer.

T.B., G.C., A.C., and M.-C.V. performed the experiments and analyzed the
data; P.L.,, J.-J.K., V.R., and P.F. provided bone marrow samples and essential
clinical information on patients; F.H. and P.F. participated in the conception of
the study; and G.K. conceived and directed the study.

T.B. and G.C. contributed equally to this paper.

Reprints: Guido Kroemer, CNRS-UMR8125, Institut Gustave Roussy, PR1, 38
rue Camille Desmoulins, F-94805 Villejuif, France; e-mail: kroemer@igr.fr.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2006 by The American Society of Hematology

BLOOD, 1 FEBRUARY 2006 - VOLUME 107, NUMBER 3

20z aunr g0 uo 3senb Aq Jpd'9G1 1 0090£008UZ/981 L 8Z1/9G | L/€/L01/4Pd-BloIE/POOIG/ABU" SUOleDlgndysE//:dRy woly papeojumoq


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2005-05-1989&domain=pdf&date_stamp=2006-02-01

BLOOD, 1 FEBRUARY 2006 - VOLUME 107, NUMBER 3

prognostic value in MDS, whereas the expression of antiapo-
ptotic proteins (Bcl-2, Bcl-X;) has a negative prognostic
value,!® suggesting that loss of the apoptotic program could
favor the MDS-to-AML transition.

The NF-«B family of transcription factors can potently suppress
apoptosis.!® Constitutive activation of NF-kB was reported for
various solid tumors and hematologic malignancies.?*?! In multiple
myeloma, NF-«kB activity leads to expression of the antiapoptotic
protein Bel-X; leading to chemoresistance.?? Aberrant expression
of NF-kB family proteins has been described for other B- and
T-cell neoplasias, including in those induced by oncogenic viruses,
namely Epstein Barr virus (EBV) and HTLV-1, both of which
encode NF-kB activators.”>?* Finally, NF-xkB is found to be
activated in primitive AML cells leading to expression of antiapo-
ptotic c-IAP2? through mechanisms that are not entirely elucidated.

Classically, the members of the NF-kB family form dimers
(classically heterodimers of p65 with p50), which under nonstimu-
lated conditions are retained in the cytoplasm through interactions
with inhibitory molecules of the inhibitor of NF-«kB (IxB) family.?
Following activation by a number of stimuli that include cytokines,
various stress signals, and bacterial and viral products, the IkB
molecules get phosphorylated by IkB kinases (IKKs) and degraded
by the ubiquitin-proteasome pathway.?’ This liberates the NF-xB
dimers that are free to translocate to the nucleus and activate their
target genes.?® Inhibitors of NF-kB activation, notably inhibitors of
IKKs, are being designed and are undergoing preclinical evalua-
tion.?? Moreover, an indirect NF-kB and proteasome inhibitor,
bortezomib (Velcade), has been approved for the treatment of
multiple myeloma® and is under clinical evaluation for the
treatment of other hematologic malignancies.?!

The goal of the present study was to determine NF-kB
activation in MDS, since the current literature®?-3* provides no
consensus on the correlation between NF-kB activation and disease
progression. Here we show that constitutive NF-«kB activation is a
property of MDS blasts, that NF-kB activation is restricted to the
population of MDS bone marrow cells that carry MDS-associated
cytogenetic alterations (and hence is likewise a cell-autonomous
phenomenon), that the degree of NF-kB activation correlates with
high-risk MDS, and that inhibition of NF-kB can precipitate
apoptosis both in MDS cell lines and in bone marrow blasts from
high-risk MDS patients.

Patients, materials, and methods

Patients

A total of 57 MDS patients and 7 healthy subjects were included in our
study (Table 1). Informed consent of all patients and healthy subjects was
provided according to the Declaration of Helsinki. Approval for this study
was obtained from the Institut Gustave Roussy institutional review board.
MDS patients were previously untreated except for supportive care. The
diagnosis of MDS was based on peripheral blood counts and cytology of
peripheral blood and bone marrow (BM) according to the WHO classifica-
tion?> and conventional cytogenetic analysis. These data permitted the
evaluation of the individual IPSS score for each patient.’ BM aspirates were
obtained, after informed consent, into syringes containing media supple-
mented with EDTA. The BM mononuclear cell (BMMNC) fraction was
isolated by density gradient centrifugation using Ficoll-Paque PLUS
(Amersham Biosciences, Sunnyvale, CA).

Cells and culture conditions

The high-risk MDS cell line P39/Tsugane (kindly provided by Dr Yoshida
Takeda, Japan) was cultured in RPMI 1640 (Gibco, Carlsbad, CA)
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Table 1. Characteristics of MDS patients

Patient BM blasts, WHO
no. Karyotype % Cytopenia IPSS classification
1 46, XY 1 1 0 RA
2 46, XX 1 1 0 RA
3 46, XY 2 1 0 RA
4 46, XY 2 2 0.5 RCMD
5 46, XY 3 3 0.5 RCMD
6 46, XY 4 1 0 RA
7 46, XX 5 8] 1 RAEB-1
8 46, XY 6 2 1 RAEB-1
9 46, XY 7 3 1 RAEB-1
10 46, XY 8 2 1 RAEB-1
11 46, XY 9 3 1 RAEB-1
12 46, XY 11 2 2 RAEB-2
13 46, XY 11 2 2 RAEB-2
14 46, XY 11 2 2 RAEB-2
15 46, XX 12 2 2 RAEB-2
16 46, XY 15 2 2 RAEB-2
17 46, XY 16 2 2 RAEB-2
18 46, XY 19 1 1.5 RAEB-2
19 46, XY 19 2 2 RAEB-2
20 46, XY 19 3 2 RAEB-2
21 46, XX 27 2 NA MDS/AML
22 47, XY, +8 0 2 RCMD
23 47, XY, +8 2 1 0.5 RA
24 47, XX, +8 2 2 1 RCMD
25 47, XY, +8 2 2 1 RA
26 47, XY, +8 4 0 0.5 RA
27 47, XX, +8 7 1 1 RAEB-1
28 47, XX, +8 7 2 1.5 RAEB-1
29 47, XY, +8 9 1 1 RAEB-1
30 47, XY, +8 9 1 1 RAEB-1
31 47, XX, +8 15 1 2 RAEB-2
32 47, XX, +8 38 2 NA MDS/AML
33 47, XX, +8 49 2 NA MDS/AML
34 46, XY, del(5q) 1 2 0.5 5q syndrome
35 46, XX, del(5q) 2 1 0 59 syndrome
36 46, XX, del(5q) 4 1 0 5q syndrome
37 46, XX, del(5q) 4 1 0 5q syndrome
38 46, XX, del(5q) 4 2 0.5 5q syndrome
39 46, XX, del(5q) 5] 1 0.5 RAEB-1
40 46, XY, del(5q) 9 3 1 RAEB-1
41 46, XX, del(5q) 32 3 NA MDS/AML
42 46, XX, del(5q) 71 2 NA MDS/AML
43 46, XX, del(20q) 2 3 0.5 RCMD
44 46, XY, del(20q) 4 1 0 RA
45 46, XX, del(20q) 5 8] 1 RAEB-1
46 46, XY, del(20q) 6 3 1 RAEB-1
47 46, XX, del(20q) 7 2 1 RAEB-1
48 45, XY, =Y 4 1 0 RA
49 45, XY, —19 42 2 NA MDS/AML
50 45, XY, =7 2 1 1 RA
51 45, XX, =7 3 2 1.5 RCMD
52 45, XY, =7 8 0 1.5 RAEB-1
53 45, XY, =7 14 3 3 RAEB-2
54 45, XX, =7 19 2 3 RAEB-2
55 45, XX, =7 48 1 NA MDS/AML
56 Complex 17 2 3 RAEB-2
57 Complex 19 & 3 RAEB-2

RA indicates refractory anemia; RCMD, refractory cytopenia with multilineage dysplasia;
RAEB, refractory anemia with excess of blasts (5%-9% BM blasts RAEB-1, 10%-19% BM
blasts RAEB-2); NA, not applicable; and 5q syndrome, MDS associated with isolated del(5q).

supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-
glutamine, 100 IU/mL penicillin, and 100 g/mL streptomycin as described.?

BM cells and cord blood (CB) cells were isolated and processed as
follows: after density gradient separation CD34* and CD33" cells were
isolated from the BMMNC compartment by positive selection with the
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MiniMacs system (Miltenyi Biotec, Bergisch Gladbach, Germany) follow-
ing manufacturer’s instructions. Cells were maintained in Iscove modified
Dulbecco medium (IMDM; Gibco) supplemented with 10% heat-
inactivated fetal calf serum.

Knock-down of p65 by small interfering RNA (siRNA)

Cells were transfected with the Nucleofactor system (Amaxa, Cologne,
Germany) using siRNAs specific for emerin®® or using scramble and p65
(Upstate, Lake Placid, NY) for sequenced p65 (duplex of 5'-rgrCrCrCUrAU-
rCrCrCUUUrArCrgUrCrA TT-3'/5'-UrgrArCrgUrArArArgrgrgrAUrAr-
grgr grC TT-3").

Assessment of apoptosis

P39 or patient cells (10°) were resuspended in 1 mL of culture medium and
incubated in the presence or absence of 5 uM BAY11-7082 (Sigma, St
Louis, MO), 2.5 nM bortezomib, 100 uM z-VAD-fmk, 1 pM all-trans
retinoic acid (ATRA; Sigma), or 0.25 pM vitamin D; (Calbiochem, San
Diego, CA) for 24 hours. Apoptotic cells were detected by flow cytometry
analysis using a FACScan (Becton Dickinson, Mountain View, CA) as
described previously.?”3 Cells were stained with propidium iodide (PL;
5 pg/mL; Sigma) for 15 minutes and concomitantly with 40 nM fluoro-
chrome DiOCg(3) (3,3 dihexyloxacarbocyanine iodide; Molecular Probes,
Eugene, OR) for 15 minutes at 37°C, or with annexin-V-FITC (Becton
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Dickinson) following manufacturer’s instructions for 15 minutes at 4°C for
determination of the mitochondrial transmembrane potential (Ays,) and
phosphatidyl serine exposure.3?40

Immunoblots

Lysates from 5 X 10 cells, with or without exposure to BAY11-7082
(Biomol, Plymouth Meeting, PA) or bortezomib (OrthoBiotec, Bridgewa-
ter, NJ) for 24 hours in addition with z-VAD-fmk (100 uM), were separated
on sodium dodecyl sulfate (SDS)—polyacrylamide gel and electroblotted
onto PVDF membranes. For mitochondrial protein release, cells were
pelleted after treatment, washed, and incubated with buffer containing
0.05% digitonin on ice for 5 minutes. Polyclonal rabbit antibodies (Abs)
were used to recognize the 14.5-kDa subunit of the active caspase-3 (Cell
Signaling Technology, Beverly, MA). Bcl-X; (mouse monoclonal Ab;
Chemicon, Temecula, CA), IkB-P (mouse monoclonal Ab; Cell Signaling
Technology) and c-IAP2 (rabbit polyclonal Ab; Santa Cruz Biotechnology,
Santa Cruz, CA), g-tubulin (mouse monoclonal Ab; Sigma-Aldrich, St
Louis, MO), actin (mouse monoclonal Ab; Chemicon), or glyceraldehydes-
3-phosphate dehydrogenase (GAPDH; mouse monoclonal Ab; Chemicon)
were also used. Blots were stained with either goat anti—rabbit peroxidase-
labeled or goat anti-mouse peroxidase-labeled secondary Ab (Amersham,
Arlington Heights, IL) and were revealed using an enhanced chemilumines-
cence (ECL) detection system (Amersham).
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Nuclear protein extraction and electrophoretic mobility shift
assay (EMSA)

Nuclear extracts were obtained from the P39 cell line, BMMNCs, and
CD34% and CD33" cells. P39 cells were cultured for 6 hours in the
presence or absence of 5 wM BAY 11-7082 or 2.5 nM bortezomib, 36 pM
SN50 (Biomol), I pM ATRA (Sigma), and 0.25 uM vitamin D5 (Calbio-
chem), and nuclear extracts were prepared in lysis buffer (20 mM HEPES
[pH 7.9], 350 mM NaCl, 1 mM EGTA, I mM dithiothreitol) and complete
protease inhibitors (Roche, Indianapolis, IN) as described previously.*!
Extracts were then mixed with binding buffer (25 mM Tris Hel [pH 8],
50 mM KCl, 6.25 mM MgCl,, 0.5 mM EDTA, 0.5 mM dithiothreitol, 10%
glycerol, and poly[dI-dC] 1 pg/pL) and the y-3?P-labeled NF-«kB oligonu-
cleotide probe (5'-ACAAGGGACTTTCCGCTGGGGACTTTCCAG-3';
Invitrogen, Carlsbad, CA) together with a T4 polynucleotide kinase
(Roche) and incubated for 30 minutes at room temperature. Specificity was
assessed by incubating nuclear extracts of treated cells with the nonradiola-
beled NF-kB probe or mutated NF-kB probe (5'-ACAACTCACTTTC-
CGCTGCTCACTTTCCAG-3'; Invitrogen). In addition, we used a
v-32P-labeled oligonucleotide probe specific for Oct-1 (Invitrogen) to
determine equal loading of nuclear extracts, and we performed super-
shifts of NF-kB with a p65-specific antibody (Santa Cruz Biotechnol-
ogy) using standard protocols.*!

Immunofluorescence

In separate experiments, 105 P39 or patient cells were allowed to adhere on
polylysine-L coverslips (Sigma) and were fixed in 4% paraformaldehyde at room
temperature. Cells were then permeabilized with either Triton X-100 0.05%
(Boehringer Mannheim, Mannheim, Germany) or SDS 0.1% for 10 minutes,
washed in PBS, and stained with p65 (rabbit polyclonal Ab; Santa Cruz
Biotechnology), cytochrome ¢ (mouse monoclonal Ab; BD Pharmingen, Heidel-
berg, Germany), endonuclease G (rabbit polyclonal Ab; Pro-Science, Woburn,

>
w
o
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MA), apoptosis-inducing factor (AIF; rabbit polyclonal Ab; Chemicon), or
anti-Hsp60 (mouse monoclonal Ab or rabbit polyclonal Ab; Sigma and Stress-
gen, San Diego, CA; respectively) and revealed either with a goat anti—rabbit and
goat anti-mouse IgG coupled with Alexa 568 (red) or Alexa 488 (green)
fluorochromes (Molecular Probes) or a goat anti—rabbit and goat anti-mouse IgG
conjugated with a streptavidin/peroxidase complex (DAKO, Carpinteria, CA),
after inhibition of endogenous peroxidases with 10% H,0,. DNA of cells was
counterstained with either TO-PRO3 (Molecular Probes) or Hoechst 33324
(Molecular Probes), allowing the discernment of chromatin condensa-
tion. Two hundred cells for each slide were examined independently
with a LSM 510 confocal microscope (Zeiss, Thornwood, NY) at X 63
magnification. Background correction of fluorescence was performed
with the LSM 5 image browser (Zeiss).

IxkB measurement

Lysates obtained from 3 X 10° cells with or without prior exposure to
2.5 nM bortezomib were separated on 12% SDS—polyacrylamide gel and
electroblotted onto nitrocellulose membranes. Blots were first stained with
phospho-IkBa (mouse monoclonal Ab; Cell Signaling Technology) and
revealed with antimouse peroxidase-labeled secondary Abs (Amersham).
Revelation was performed using an ECL detection system (Amersham).

FISH

Ex vivo BMMNCs were allowed to adhere on polylysine-L glass slides
(Sigma) and were fixed in methanol-acetic acid (3:1) for 30 minutes or
stained for nuclear p65 revealed by streptavidin/peroxidase after inhibition
of endogenous peroxidases with 10% H,0O,. Interphase fluorescence in situ
hybridization (FISH) was performed following manufacturer’s instructions
by using a rhodamine and fluorescein—labeled dual probe (D7Z1/D8Z1) for
simultaneous detection of the chromosome 7 and 8 centromere (Qbiogene,
Irvine, CA). DNA of nuclei was counterstained with DAPI II (Vectashield,
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Figure 2. Induction of apoptosis by NF-«B inhibition in P39 cells. (A-F) Kinetics of apoptosis induction by different doses of BAY11-7082 (A-C) and bortezomib (D-F). P39
cells were cultured in the presence of either of 2 NF-«kB inhibitors for the indicated period and then stained with DiOCg4(3) (A,D), FITC-labeled annexin-V (B,E), and/or Pl (C,F) to
determine the frequency of A%, phosphatidylserine™, and dead (PI*) cells, respectively. (G-1) Effect of z-VAD-fmk on apoptotic characteristics of P39 cells dying upon NF-«B
inhibition. P39 cells were cultured for 24 hours in the absence or presence of BAY11-7082 (5 uM), bortezomib (2.5 nM), or z-VAD-fmk (100 M), followed by staining with
DiOCq(3) plus PI (G), FITC-labeled annexin-V (AnnV) plus PI (H), or Hoechst 33324 (l) to determine the Ay, loss (G), phosphatidylserine exposure (H), cell death (G-H), or

karyorrhexis (l), using either cytofluorometry (G-H) or fluorescence microscopy (l).

Image was visualized using a Leica epifluorescent microscope equipped with a

63 %/1.32-0.6 oil-immersion objective lens and CCD camera (Leica, Heidleberg, Germany). Values are means + SD (n = 3). (J-K) Immunoblot detection of activated
caspase-3 in P39 cells treated with the NF-«B inhibitors BAY11-7082 (J) or bortezomib (K), alone or in combination with z-VAD-fmk. The concentrations of the agents were the

same as in panels G-1, and the incubation period was 12 and 24 hours.
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Vector Labs, Burlingame, CA). Fluorescent probes were analyzed at X 63
magnification with the epifluorescent microscope DMIRE2 (Leica, Heidel-
berg, Germany) run by the FW4000 acquisition and analysis software,
which allowed background correction (Leica). Two hundred cells were
counted per specimen by independent observation.

Statistics

Statistics were analyzed using Excel Software (Microsoft, Redmond, WA),
IJMP 5.2 software (SAS Institute, Cary, NC), and Scion Image 4.0 (Scion
Corporation, Frederick, MD).

Results
Constitutive NF-kB activation in the P39 cell line

The myelomonocytic P39 cell line, which was derived from the bone
marrow of an MDS/AML patient,*? exhibited constitutive NF-kB activa-
tion as determined by two different techniques: EMSAs (Figure 1A-B),
demonstrating the retention of NF-«kB in nuclear DNA (which could be
supershifted with a p65-specific antibody; Figure 1B), as well as immuno-
fluorescence staining, revealing the presence of the NF-kB subunit p65 in
the nucleus (Figure 1C). Pretreatment of P39 cells with 3 different
inhibitors led to the disappearance of NF-«kB from nuclei. This applies to
an inhibitor of the nuclear transport of NF-kB, the peptide SN50,* as well
as to small-molecule inhibitors of IKK and BAY11-7082% and of the
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proteasome bortezomib*® (Figure 1A-D). As expected, bortezomib stimu-
lated the rapid accumulation of phosphorylated IkB in P39 cells (Figure
1E). Moreover, both BAY11-7082 and bortezomib caused the down-
regulation of 2 antiapoptotic NF-kB target genes, Bcl-x; and c-IAP2
(Figure 1F). In this system, BAY11-7082 acted more rapidly than
bortezomib (Figure 1F). Altogether these data indicate the presence of a
transcriptionally active NF-kB heterodimer in the nucleus of P39 cells.
The knock-down of p65 with 2 distinct siRNAs resulted in an increase of
spontaneous apoptosis in P39 cells in conditions in which sham transfec-
tion, transfection with a scrambled control (Co), or knock-down of emerin
expression had no significant prodeath activity (Figure 1G). This indicates
that P39 cells require NF-kB activation for survival.

NF-kB inhibition induces caspase-independent cell death
in P39 cells

The inhibition of NF-kB using the 2 small-molecule inhibitors
BAY11-7082 (Figure 2A-C) and bortezomib (Figure 2D-F) results
in the induction of 3 signs of apoptosis, namely a loss of the
mitochondrial transmembrane potential (AW ,;; as determined with
the AW, -sensitive dye DiOCg(3); Figure 2A.D), exposure of
phosphatidylserine residues on the outer leaflet of the plasma
membrane (as determined by labeling with annexin-V-FITC
conjugates; Figure 2B.E), as well as a loss of viability (assessed
with the vital dye propidium iodide m; Figure 2C,F). All of these
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effects were induced in a concentration- and time-dependent
fashion, with BAY11-7082 acting more rapidly than bortezomib.
Similar profiles of cell death induction were obtained with SN50
(not shown). The pan-caspase inhibitor z-VAD-fmk failed to
protect cells against loss of the AW, (Figure 2G), phosphatidylser-
ine exposure (Figure 2H), and cell death (Figure 2G-H), although it
did prevent bortezomib-induced nuclear fragmentation (karyorrhe-
xis), as assessed by Hoechst 33324 staining and fluorescence
microscopy (Figure 2I) as an internal control of its efficacy.
Moreover, z-VAD-fmk inhibited the activation of caspase-3 in-
duced by BAY11-7082 or bortezomib (Figure 2J-K). This sug-
gested that NF-kB inhibition induces bona fide apoptosis accompa-
nied by caspase activation, although this caspase activation is not
required for cell death. In line with this interpretation, both
BAY11-7082 and bortezomib were found to induce the mitochon-
drial release of cytochrome ¢ (Cyt ¢; Figure 3A,D) and that of 2
caspase-independent death effectors, endonuclease G (EndoG;
Figure 3B,E) and AIF (Figure 3C,F). This translocation event could
be visualized by different techniques, either by subcellular fraction-
ation (Figure 3G-H) or by immunofluorescence, demonstrating that
Cyt ¢, EndoG, and AIF lost their colocalization with the mitochon-
drial marker Hsp60 and exhibited a rather diffuse staining pattern
throughout the cell (Figure 3A-C). The release of these proapo-
ptotic factors from mitochondria was not inhibited by z-VAD-fmk
(Figure 3), although z-VAD-fmk did attenuate the degree of nuclear
chromatin condensation (Figure 3A-C).

ATRA and vitamin Dj; induced myeloid differentiation of P39 cells,
leading to the expression of CD11b.# CDI11b induction was not
influenced by z-VAD-fmk (Figure 4A). Neither of these agents inhibits
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NF-kB (Figure 1A). ATRA (but not vitamin D;) caused delayed cell
death after 72 hours of incubation. This differentiation-induced cell
death was inhibited by z-VAD-fmk (Figure 4B-C). At 24 hours, when
neither of the differentiating agents induced apoptosis, they partially
reduced the proapoptotic effect of BAY11-7082 or bortezomib (Figure
4D-E), although they lost their antiapoptotic effect upon prolonged
incubation (Figure 4F-G). Thus, BAY11-7082 or bortezomib can kill
both undifferentiated and differentiating P39 cells.

Constitutive NF-«kB activation in bone marrow samples
from MDS patients

Although cell lines are useful tools to explore the cell biology of
hematologic malignancies, they may have acquired nonphysiologic
properties. Moreover, it is not clear to which extent the P39 cell line
reflects MDS or post-MDS AML. We therefore tested whether bone
marrow samples from a series of patients with MDS or MDS
patients who progressed to AML (Table 1) would have activated
NF-kB, as detectable by EMSA. Patients classified as intermediate
2 or high risk, according to the IPSS criteria, exhibited constitutive
NF-kB activation in their bone marrow, whereas this activation was
attenuated or undetectable for patients belonging to the low-risk or
intermediate 1 groups (Figure 5SA). NF-kB activation in high-risk
MDS was as intense as in MDS/AML samples (Figure 5A).
Immunofluorescence detection of p65, performed on freshly col-
lected bone marrow cells, correlated with the EMSA data (that
include a supershift of p65, as detectable in nuclear extracts from
purified CD34" cells from high-risk MDS patients). Purified
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Figure 4. Impact of myeloid differentiation on apoptosis susceptibility. (A) Differentiation of P39 cells. Cells were stimulated for the indicated period with ATRA or vitamin
D3 in the absence or presence of z-VAD-fmk, followed by immunocytofluorometric detection of the differentiation marker CD11b. (B-C) Differentiation-associated cell death.
Cells treated as in panel A were analyzed for any of 3 apoptotic parameters, namely Ay, loss (B), phosphatidyl serine (PS) exposure (C), and Pl staining (B-C). (D-G) Effect of
NF-kB inhibitors on differentiating P39 cells. Cells were cultured with the indicated combinations of ATRA, vitamin D3, BAY 11-7082, and/or bortezomib for 24 hours (D-E) or 72
hours (F-G), then labeled with DiOCg(3) plus PI (D,F) or FITC-labeled annexin-V plus PI (E,G), and subjected to flow cytometric analyses. This experiment was repeated 4

times, yielding comparable results. Values are expressed as means = SD; n = 3.
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Figure 5. NF-kB activation in bone marrow samples from MDS patients. (A) Evidence for NF-«B activation in high-risk MDS, as determined by EMSA performed on total bone marrow
samples. Bone marrow aspirates from the indicated low- or high-risk patients (same numbers as in Table 1) were analyzed by EMSA, as described in “Patients, materials, and methods.”
Cord blood CD34+ cells before and after stimulation with G-CSF served as negative and positive control, respectively. The intensity of bands was quantified (right panel). (B) Evidence of
NF-«B activation in purified CD34" or CD33* cells from high-risk MDS bone marrow samples. Cells from patients 24 and 54 (Table 1), representing low- and high-risk MDS, respectively,
were subjected to confocal immunofluorescence determination of p65 activation and EMSA detection of NF-kB alone or with the p65 antibody (supershift in right panel), as well as Oct-1 as
a loading control. Images were acquired as described for Figure 1C. (C) Percentage of purified CD34" or CD33" cells with nuclear p65 staining among different MDS patient groups
classified according to the percentage of bone marrow blast infiltration. Samples from 3 different control individuals, as well as different patients (nos. 1, 24, 34, 35, and 37 representing
MDS patients with <5% blast; nos. 9, 11, 27, 28, 38, and 47 for patients with 5%-9% blasts; nos. 16, 17, 20, 54, and 57 for patients with >10% blasts; nos. 21 and 32 for >20% blasts), were
subjected to p65 staining as in panel B, and the frequency of cells exhibiting nuclear p65 staining was determined. Values are expressed as means *+ SD; n = 3. (D) Combined detection of
nuclear p65 and cytogenetic alterations. Bone marrow aspirates from untreated MDS patients were subjected to the simultaneous immunohistochemical detection of p65 and FISH, using
probes specific for the centromeres of chromosomes 7 and 8. Note that cells with manifest cytogenetic alterations (trisomy 8 in left panel or monosomy 7 in right panel) can exhibit the
presence of p65 (gray) in the nucleus whereas euploid cells have p65 in the cytoplasm (not shown). Fluorescence micrographs were acquired as described for Figure 2l. (E) Correlation
between blast counts and the frequency of cells with nuclear pé5 (same patients as in Table 2 and patients 36, 39, and 42-46). The coefficient of correlation was calculated using linear
regression. (F) Longitudinal study of blast counts and nuclear p65 in MDS patients. Bone marrow aspirates from patients 2, 7, 8, and 25 obtained at the beginning of clinical monitoring
(values in Table 1) or several months later (as indicated in the figure) were subjected to immunofluorescence analyses, showing an increase in p65 translocation to the nucleus. Blast
counts and p65 translocation were correlated using the Spearman correlation model.

CD34" or CD33" cells from high-risk (but not from low-risk)
MDS patients exhibited the nuclear translocation of p65 as well as
EMSA-detectable NF-kB. This is shown for representative patients
in Figure 5B and quantified for a cohort of 18 patients in Figure 5C.
We found that there was a positive correlation between the
percentage of blasts in MDS bone marrow samples and the
frequency of CD34* or CD33" cells with nuclear p65 (Figure 5C).
To address the question whether NF-kB activation would be
restricted to the mutated cancer stem population and its derivatives
or whether it would also affect nonmutated, normal cells in the
bone marrow, we combined the immunohistochemical detection of
p65 with the detection of chromosomal aberrations by FISH at the
single-cell level. Using this technique, we found that cells with
nuclear p65 possessed cytogenetic alterations when patients with

trisomy 8 or monosomy 7 were analyzed (Figure 5D). While all
cells with p65 translocation demonstrated MDS-associated cytoge-
netic aberrations, there was a fraction of cells with trisomy 8 or
monosomy 7 that had no p65 in the nucleus. Indeed, the number of
bone marrow cells with activated NF-«B correlated (P < .001)
with the percentage of blasts found in the bone marrow. This
finding was obtained for the patients with trisomy 8 or monosomy 7
(Table 2), as well as for the 5q~ and 20q~ MDS patients
investigated (Figure SE). The correlation between blast counts and
nuclear p65 translocation was observed irrespective of the underly-
ing cytogenetic alteration or the degree of cytopenias (Tables 1-2).
Importantly, we found that p65 translocation to the nucleus
correlated with disease progression in a longitudinal study per-
formed on 4 patients (Figure SF). Altogether, these findings
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Table 2. Nuclear translocation of p65 in BM cells of MDS patients

BM KA+ cells, % KA- cells, %
Patient blasts,

no. % Karyotype p65Nuc P65t p65Nuc p65CYt
23 2 47, XY, +8 5 28 <A1 67
26 4 47, XY, +8 6 38 <A1 56
28 7 47, XX, +8 6 23 <A1 71
29 9 47, XY, +8 13 50 <A1 37
30 9 47, XY, +8 14 33 <1 53
31 15 47, XX, +8 23 47 <A1 30
33 49 47, XX, +8 53 16 <A1 31
50 2 45, XY, =7 2 44 <1 54
51 3 45, XX, =7 2 49 <A1 49
52 8 45, XY, =7 10 26 <A1 64
54 19 45, XX, =7 22 28 <1 50
55 48 45, XX, =7 49 10 <A1 41

KA indicates karyotype abnormal; Nuc, nuclear; and Cyt, cytosolic.

indicate a strong constitutive NF-kB activation restricted to the
blast population carrying cytogenetic aberrations.

NF-kB inhibition triggers the mitochondrial death pathway
in MDS cells

If NF-«kB acts as an antiapoptotic factor in MDS, its inhibition
should precipitate the cell death of MDS blasts ex vivo. BAY11-
7082 or bortezomib abolished NF-kB activation when added to
bone marrow samples from high-risk MDS patients (Figure 6A).
Simultaneously, BAY11-7082— or bortezomib-treated cells mani-
fested the mitochondrial release of Cyt ¢, EndoG, and AIF,
correlating with chromatin condensation as determined by immuno-
fluorescence in both CD34" (Figure 6B) and CD33" (Figure 6C)
cells. Cytofluorometric analyses confirmed that BAY 11-7082 and
bortezomib enhanced cell death when added to bone marrow
samples from high-risk MDS patients (Figure 7A,C). However,
neither of the 2 NF-«kB inhibitors did enhance the elevated
spontaneous apoptosis affecting low-risk MDS samples (Figure
7A,C), in accord with the fact that low-risk MDS patients exhibit a
low level of NF-kB activation, correlating with highly spontaneous
apoptosis (Figure 7B). Altogether, these data indicate that NF-kB
inhibition can trigger the death of MDS blasts through a mitochon-
drial pathway involving the release of caspase activators and
caspase-independent death effectors.

Discussion

The data contained in this article indicate that NF-«kB is
activated within blasts found in MDS bone marrow samples.
The strong correlation between blast counts and p65 transloca-
tion (Figure 5E) suggests that this latter parameter can be used
as a surrogate marker of disease progression. In line with this
hypothesis, high-risk MDS exhibits a higher frequency of cells
with nuclear p65 (Figure 5B-C) and more intense bands
reflecting NF-kB activation in EMSA (Figure 5A-B) compared
with low-risk MDS. Thus, high-risk MDS behaves like post-
MDS AML (Figure 5A,C) with regard to a strong constitutive
NF-kB activation. These data differ from 2 previous reports in
which, among a limited cohort of MDS patients (total no. 11), no
evidence for NF-kB activation3? and no correlation with the
FAB MDS classification®® was found in MDS bone marrow
samples. In those reports, however, no attempts were undertaken to
purify CD34" or CD33* from the bone marrow or to correlate
NF-kB activation with blast counts. In contrast, our data confirm a
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Figure 6. Inhibition of NF-xB activation in MDS bone marrow samples with BAY11-
7082 or bortezomib. (A) Immunofluorescence detection of p65. Bone marrow samples from
a high-risk MDS patient (Table 1 no. 54) were precultured for 6 hours in the absence or
presence of BAY 11-7082 or bortezomib and then subjected to confocal immunofluorescence
analyses. Percentages refer to the fraction of cells exhibiting nuclear p65 staining. Similar
results were obtained for samples from 2 other high-risk MDS patients (Table 1 nos. 19 and
57). (B-C) BAY11-7082 or bortezomib induced translocation of mitochondrial death effectors
in bone marrow cells from high-risk MDS patients. Bone marrow aspirates from the same
patients as in panel A were purified to yield CD34" (B) or CD33" (C) cells and cultured ex
vivo, in the presence or absence of BAY11-7082 or bortezomib, and then stained with
antibodies specific for Hsp60 (red), Cyt ¢, EndoG, and AIF (all green). Representative cells
are shown. Percentage values refer to the cells exhibiting mitochondrial release of Cyt c,
EndoG, or AlF in the indicated conditions. Images were acquired as described for Figure 1C.
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Figure 7. Ex vivo killing of bone marrow cells from MDS patients by BAY11-7082 or
bortezomib. Representative fluorescence-activated cell sorter (FACS) pictograms as
obtained for CD34* cells from patients 24 with low-risk MDS and 54 with high-risk MDS (A)
(Table 1) 12 hours after culture in the presence or absence of BAY11-7082 or bortezomib.
The numbers in each quadrant indicate the percentage of cells exhibiting the indicated
changes. (B) Inverse correlation between p65 translocation and spontaneous apoptosis
upon overnight in vitro culture of CD34* cells from different MDS patients. Each point
represents 1 patient. The correlation coefficient was determined by linear regression. (C)
Statistical comparison of low- and high-risk patients treated and evaluated as in panel A.
Note that BAY11-7082 or bortezomib only enhanced the rate of spontaneous apoptosis in
high-risk but not in low-risk MDS.

recent study (total no. of patients 25) suggesting a positive
correlation between high-risk MDS and NF-kB activation.?*

The molecular etiology of NF-kB activation in high-risk MDS
remains elusive. As demonstrated by combined immunohistochemi-
cal p65 detection and FISH, NF-«kB activation is restricted to cells
bearing cytogenetic alterations, at least in the case of trisomy 8 and
monosomy 7 investigated in this study (Figure 5D). TNF and
TRAIL are potent NF-kB inducers*’*® and are reportedly up-
regulated in MDS bone marrows*-* and coresponsible for NF-kB
activation.®* However, it is unlikely that these diffusible agents
account for NF-kB activation in MDS because they would also
activate NF-kB in a fraction of normal cells—that is, cells without
cytogenetic alterations. CD95/Fas, which can signal NF-kB activa-
tion upon interaction with CD95L/FasL,>!? is activated in trisomy
8 but not in monosomy 7,33 suggesting (but by no means excluding)
that death receptors are not responsible for NF-«kB activation in
MDS blasts. Rather, it would appear plausible that the NF-kB
activation occurring in MDS blasts results in a cell-autonomous
fashion, perhaps as an indirect result of secondary mutations that
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determine neoplastic transformation. Indeed, in several MDS
patients without cytogenetic alterations detectable by conventional
karyotyping, a fraction of cells exhibited NF-kB activation (Table 1
and Figure 5A,C; patients 11-21), and NF-«kB activation appeared
to be a function of blast counts, irrespective of the underlying
cytogenetic alteration.

NF-«B activates multiple target genes,>* an important fraction
of which exerts antiapoptotic and proliferative functions. Low-risk
MDS, in which NF-kB is not activated, is characterized by an
enhanced apoptotic turnover of differentiating bone marrow
cells.>3¢ In contrast, high-risk MDS with low intramedullar
apoptosis®’*® demonstrates NF-kB activation. It is tempting to
speculate that the inverse correlation between apoptosis and NF-kB
activation could reflect (one of) the mechanism(s) through which
apoptosis is suppressed in high-risk MDS. In favor of this
interpretation, we found that suppression of NF-kB by an IKK
inhibitor or by a proteasome inhibitor enhanced apoptosis in
high-risk MDS bone marrow cells ex vivo, yet had no such effect
on low-risk MDS (Figures 6-7). Thus, high-risk MDS blasts
isolated ex vivo responded to BAY-7082 and bortezomib by
apoptosis (Figures 6-7) in a similar fashion as the P39 cell line,
which was isolated from the blood of a high-risk MDS patient.*?
Both freshly isolated MDS blasts and P39 cells succumbed to
NF-kB inhibition without the need of additional cytotoxic stimuli.
Both inhibited constitutive NF-kB activation with p65 transloca-
tion to the nucleus (Figures 1B-D and 6A), which is not curtailed
by differentiation induced in vitro (Figures 1A and 4) or in vivo
(Figure 5B) to CDI1l1b-expressing or CD33-expressing myeloid
cells, respectively. Moreover, this constitutive NF-«kB activation
was fully blocked by BAY11-7082 or bortezomib in patient-
derived MDS blasts (Figure 6A) and in the P39 cell line (Figure
1A-D). Both primary MDS cells and P39 cells manifested mitochon-
drial changes culminating in the release of cytochrome ¢, AIF, and
endonuclease G (Figures 3 and 6), as well as bone fide apoptosis
with nuclear pyknosis and karyorrhexis (Figures 2I and 6), when
NF-kB was inhibited. Although caspase inhibition could prevent
advanced chromatin condensation (Figure 2I), it had no or little
effect on the irreversible loss of vital cellular functions (Figure 2),
in accord with the fact that caspase inhibition also failed to
suppress the mitochondrial release of the 2 caspase-independent
death effectors AIF and EndoG (Figure 3).

Altogether, these data suggest that NF-kB is vital for MDS
blasts and that NF-kB inhibition might constitute a strategy for the
eradication of such cells. Thus bortezomib or alternative, more-
specific NF-«kB inhibitors that are being developed might be tested
alone or in combination with other agents for the treatment of MDS.
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